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Abstract: Deforestation is a global threat in the form of the reduction of all of the ecosystem services
provided to humans by forest ecosystems. For this reason, this article deals with the protection of forest
ecosystem services by searching for a substitute for wood biomass. In recent years, the post-harvest
residues of agricultural crops have been used mainly for energy and material uses. If this raw material
is to be used industrially in the long term, we must have an idea of its future production. In most
studies, predictions of future post-harvest residue productions are resolved in terms of the availability
for energy sectors. This paper deals with the total amount of produced post-harvest residues that
can be taken from the field; the post-harvest residue production for selected sectors is not subtracted
from the overall prediction. Post-harvest residue production was estimated using the residue to
product ratio (RPR), wherein the RPR coefficient was calculated for the monitored crops in each
year, and the post-harvest residue production was subsequently calculated in each year according
to the conversion rate characteristic for each year. The production of two widespread agricultural
crops—wheat and rapeseed—was predicted. Linear regression models were used for the estimations.
Based on these models, we predict the production of 58.3 million tonnes of post-harvest wheat
residues and 22.4 million tonnes of post-harvest rapeseed residues in 2030 in the European Union.
In the Czech Republic, we predict the production of 1.8 million tonnes of post-harvest wheat residues
and 1.3 million tonnes of post-harvest rapeseed residues. The presented results can be used as the
basis for further considerations of the material use of post-harvest residues and for the substitution of
wood with these residues.
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1. Introduction

Deforestation is the most important factor causing the global loss of biodiversity, reducing the
ability of soil to capture rainfall, and generally reducing all ecosystem services that forest ecosystems
provide to humans [1]. Deforestation is prevented in most western countries. For example, the Czech
Republic imposes an obligation on forest owners to reforest felled forests, and the clear-cut areas on
forest plots must be afforested within two years and have forest stands established on them within
seven years [2]. In Bavaria, for example, felled forests must be reforested within three years [3].
However, even in western countries where deforestation is very effectively restricted, the enforceability
of these instruments is very limited. In the Czech Republic, for example, these obligations are met for
the time being mainly due to the ownership structure of forests, where most of the forests are owned
by the state or self-governing units. Of course, even state forest ownership or state control does not
guarantee that deforestation will always be avoided, either legally or factually [4].
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However, the situation in developing countries is even worse. Unsustainable logging activities
in developing countries are mainly motivated by logging for material use, the logging of firewood
and logging for charcoal production. The intensity of these unsustainable activities has a direct
negative impact on the climate, the water cycle, soil erosion and biodiversity [5]. There are various
strategies to prevent deforestation. Most countries try to solve this problem via government protection,
e.g., by establishing large-scale protected areas [5,6]. Although there are various programs for the
reclamation or reforestation of areas for harvested tropical rain forests, the ecosystem services provided
by the restored ecosystems are lower than the original ecosystems. This is mainly due to lower
biodiversity and poorer soil quality in the newly established stands on degraded soil [7]. Deforestation
is most prevalent in tropical rain forests in developing countries, where post-harvest crop residues
are also burned in the field [8,9]. Using the post-harvest biomasses of agricultural crops instead of
mining biomass from tropical rainforests at the same location is therefore a logical option that is
environmentally friendly. The material uses of post-harvest agricultural crop residues in developing
countries can make a significant contribution to the protection of non-productive forest functions and
carbon dioxide binding in materials for a longer period.

In recent years, post-harvest crop residues have had a wide variety of uses; in particular, the energy
and material uses of this raw material are receiving scientific attention [10,11]. The material utilization
of post-harvest residues is a very rational utilization, mainly due to carbon dioxide binding in products
for a longer period of time [12,13]. Of course, those crops that are the most cultivated on a global
scale are very interesting, as they produce a large amount of biomass which can be removed from the
field after harvest and then utilized. Composite materials have already been produced successfully,
for example from rice straw [14], rice husk [15], wheat straw [16], wheat husk [17], rapeseed straw [18],
or the post-harvest residues of other crops [19].

The technology for producing composite materials from post-harvest agricultural crop residues
is well mapped in the above-mentioned and many other studies. However, the future availability
of lignocellulose raw material for the production of these composites is not as well described [20].
Several studies have already looked at the estimation of the future availability of post-harvest residues,
particularly for energy use [21–23]. Given that the post-harvest residue production of agricultural
crops is not systematically monitored, it is necessary to estimate this production.

Data concerning the expanses of the crop areas of agricultural crops and the production of
individual crops are systematically monitored. This data is very well available in time series both at
the national and transnational levels. However, the amount of post-harvest agricultural crop residues
produced is not systematically monitored. This is because, until recently, post-harvest residues have
not received much attention. They were used, for example, for ploughing and enriching the soil with
the necessary organic substances, or as bedding for reared animals. As seed yield production is the
main bearer of profit from crop agricultural production, these values are monitored. The worldwide
increase in interest in post-harvest residues is very closely related to the increase in second-generation
biofuels. The amount of post-harvest residues produced is judged on the basis of a calculation using
the residue to product ratio (RPR) conversion rates, defined as the proportion of residues to agricultural
production [24,25].

Many different models predicting crop production have been published, including models based
on time series analysis, such as the linear regression model [26–28], the quadratic model [26,27],
the Holt–Winter model [26] and the dynamic linear model [29]. If the future production of different
crops is known, then the expected production of post-harvest residues can be easily calculated, as is
presented, for example, in the studies of (BNEF) Bloomberg New Energy [30], Ericsson and Nilsson [21],
and Searle and Malins [28]. However, the question is whether this procedure is appropriate. The weight
fraction of the seeds and vegetative part of the plant depends on many factors, from climate, weather
and soil conditions, through to the agronomic plan, and the variety of the crop. In addition, RPR declines
with increasing hectare yield. However, the tightness of this dependence is not high, for the above
reasons [25]. Furthermore, the inaccuracy of the conversion is due to the fact that farmers only
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maximize seed yield, which is influenced by the same factors as the seed weight ratio and post-harvest
residues [31]. In addition to predicting the production of post-harvest residues using time series
analysis, studies have been published that consider complex factors affecting future production and
identify the main drivers of post-harvest residue production [32,33].

This present paper aims to estimate the future production of post-harvest wheat and rapeseed
residues in the European Union and in the Czech Republic, using a different methodology for estimating
post-harvest residue production than in the case of previously published research. These methodological
differences are described in the paper, and the reasons are discussed. The proposed method was
applied in this study to the prediction of the post-harvest residues of wheat and rapeseed in the
European Union and in the Czech Republic. This methodology can also be applied to the prediction of
these post-harvest residues in other regions if sufficient data are available.

2. Methods

Data on the production and crop areas of wheat and rapeseed from the Czech Statistical Office [34]
and the Food and Agriculture Organization [35] were used for the prediction. When looking at
post-harvest residues as a raw material for the production of composite materials, it makes sense
to only consider dry matter. Absolute crop production values reported at normal moisture values
were converted to zero humidity [36]. All the presented values on crop production and post-harvest
residues are given in this text after conversion to zero humidity, i.e., only dry matter is used.

Given that the yield per hectare of crops varies from year to year, a solution was used in this work
where the RPR was calculated for the monitored crops in each year, and subsequently the post-harvest
residue production was calculated in each year according to coefficient characteristic for each year.

The RPR for the monitored crops was calculated according to the equations given in
Scarlat et al. [25]:

The calculation for wheat:

RPR = −0.3629· ln(x) + 1.6057 (1)

The calculation for rapeseed:

RPR = −0.452· ln(x) + 2.0475 (2)

where x is hectare yield of the crop (t/ha).
The post-harvest residue production in individual years was then calculated as the product of

RPR and the production of individual crops.
The data prepared in this way was used to predict post-harvest residue production.

Future developments were assessed based on historical data. Therefore, the stable parameters
affecting the given time series are assumed. A regression model was created using the Statistica12
program. Since the dependence of both wheat and rapeseed production on time has a linear nature in
the monitored period, a linear regression model was used. Time series from 1993 to 2017 were used
to predict post-harvest residue production in the European Union (EU-28), as both older and newer
data are not available for the whole EU-28. As the development up to 2030 is predicted, longer time
series were used to predict post-harvest residue production in the Czech Republic, from 1980 to 2018.
Using the linear regression model created, it is possible to estimate the production of post-harvest
residues. However, the amount of post-harvest residues available will certainly be lower, mainly
because of sustainable agriculture, where a certain percentage of post-harvest biomass must be left
in the field. The proportion of post-harvest residues that should be left in the field (the sustainable
removal rate) depends on many factors, such as soil type, erosion, terrain slope, crop rotation and local
conditions, etc. In their study, Searle and Malins [28] count the proportion of post-harvest residues left
in the field as one third, irrespective of the crop. Similarly, de Wit and Faaij [37] expect a flat-rate of
50% of the post-harvest residues to be left in the field. Scarlat et al. [25] distinguish this percentage
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according to crops and, based on extensive research, state that only 40% of post-harvest wheat residues
and 50% of rapeseed residues can be removed from the field in sustainable farming. The proposed
coefficients in the Scarlat et al. [25] study were also used in the model in this work. A certain proportion
of post-harvest residues are also consumed in the primary agricultural production itself, i.e., for the
needs of livestock production.

It is therefore clear that not all of the predicted post-harvest residue production will be available
for other processing sectors. In this study, however, unlike other authors [28,38], this part of the
post-harvest residue is not subtracted from the overall prediction. We predict the total quantity of
post-harvest residues produced that can be taken from the field under sustainable agricultural practices,
regardless of the purpose. Of course, there are already currently consumers of post-harvest residues
(livestock production, energy use, material use, mushroom cultivation, etc.), but there is no reason
why we should subtract this consumption from total production. The consumption of post-harvest
agricultural crop residues also changes over time, and therefore the subtraction of the post-harvest
residue consumption in selected sectors by the coefficient alone only adds another inaccuracy to
the model.

The goodness of fit to past data was evaluated by the root mean square error (RMSE) [29]:

RMSE =

√√√
1
M

M∑
t=1

(
Yt − Ŷt

)2
(3)

where Yt is post-harvest residue production (tonnes), Ŷt is the calculated post-harvest residue production
based on the model used (tonnes) and M is number of observations (24 for European Union data, 38 for
Czech Republic data).

In order to evaluate the predictive capabilities of the model, predictions of post-harvest residue
production in the last known year (2017 for the EU and 2018 for the Czech Republic) were made using
parameters calculated on the basis of a shortened time series of k. The value of k was set to 1 and
10 in order to evaluate the short-term and long-term prediction accuracy. The difference between
the post-harvest residue production Yt and the calculated post-harvest residue production based on
shortened time series Ŷt was expressed relative to the post-harvest residue production in the last
known year:

∆k =

∣∣∣Yt − Ŷt
∣∣∣

Yt
·100% (4)

3. Results and Discussion

Figure 1 illustrates the variability of the wheat and rapeseed hectare yield in the monitored period
in the European Union and the Czech Republic. This variability is, of course, also transferred to the
calculated RPR coefficients, as shown in Figure 2. The RPR of wheat ranges from 0.98 to 1.22, and the
RPR of rapeseed ranges from 1.47 to 1.92. The appropriateness of the calculation method, where the
RPR that best describes a given year is used for each year, is therefore obvious. However, the use of
a unique RPR for each year to estimate the post-harvest residue production is not common [21,28].
The decreasing trend of the RPR for both of the monitored crops fully corresponds to the predicted
increasing hectare yield of wheat and rapeseed in the EU [31].
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The production of both of the monitored crops has been increasing over the long term in the entire
European Union and in the Czech Republic. In 2017, 129 million tonnes of wheat and 20 million tonnes
of rapeseed [35] were produced in the EU. In the Czech Republic, 4.7 million tonnes of wheat and
1 million tonnes of rapeseed [39] were produced in 2017 (all of the data is recalculated to dry matter).
Figure 3 depicts the linear nature of the dependence of the production of wheat and rapeseed on time
over the monitoring period. The estimated parameters of all linear regression equations are statistically
significant at the significance level of 0.05; therefore, the use of linear regression for the prediction of
future production is justified. The estimated correlation coefficients show that the tightness of the
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The estimated models of post-harvest wheat residue production (straw and husk) are shown
graphically in Figure 4. The bars shown around the regression line represent the 95% confidence
interval of the prediction in the displayed area. Post-harvest wheat residue production has long been
increasing throughout the EU and in the Czech Republic.
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Table 1 shows the predicted values of the total amount of post-harvest residues produced in
2030 that can be taken from the field under sustainable agricultural practices. In 2030, we predict the
production of 58.3 million tonnes of post-harvest wheat residues and 22.4 million tonnes of post-harvest
rapeseed residues in the European Union. The total amount of 80 million tonnes of post-harvest wheat
and rapeseed residues corresponds, for example, to four times the annual consumption of wood in
the European Union for the production of particleboards [19]. In the Czech Republic, we predict the
production of 1.8 million tonnes of post-harvest wheat residues and 1.3 million tonnes of post-harvest
rapeseed residues. In a previously published prediction, Searle and Malins [28] estimated that, by 2030,
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109 million tonnes of post-harvest wheat residues will be produced in the EU that can be taken from
the field. However, according to this study, only 54 million tonnes will be available on the market.
These are significantly higher predicted values than in our model. For rapeseed, on the other hand,
the figures in the Searle and Malins [28] predictions are lower than in our study, wherein they predict
the total production for removal from fields at 15 million tonnes for 2030, and they estimate that
a quantity of 7 million tonnes will be available on the market. The difference in these predicted
values is due to a different methodology. Searle and Malins [28] used different RPRs for both of the
observed crops (0.94 for wheat and 1.08 for rapeseed, with both coefficients being constant over time),
subtracted post-harvest residue consumption from some sectors (one-third for both crops), recalculated
the moisture differently, and also considered post-harvest residues—which need to be left in the field
under sustainable agricultural practices (one-third for both crops)—with a different proportion for
both crops.

Table 1. Estimation of post-harvest wheat and rapeseed residue production (dry matter) in the EU and
in the Czech Republic in 2030.

Linear Regression
Model of

Post-Harvest
Wheat Production

Estimate of
Post-Harvest Wheat
Production in 2030

Linear Regression
Model of

Post-Harvest
Rapeseed Production

Estimate of
Post-Harvest

Rapeseed
Production in 2030

European Union y = −6.099 × 108 +
3.6417 × 105

× x
58.3 million tonnes y = −8.7624 × 108 +

4.4268 × 105
× x

22.4 million tonnes

Czech Republic y = −1.6798 × 107 +
9.1554 × 103

× x
1.8 million tonnes y = −4.8783 × 107 +

2.4661 × 104
× x

1.3 million tonnes

The characteristics of the goodness of fit and prediction accuracy of the models used are listed
in Table 2. Although Michel and Makowski [29] reported the relatively poorer performance of using
linear regression for wheat yield time series analysis, several authors [40–43] have already successfully
used this regression for crop yield analysis. If a linear regression model is used, which assumes a
constant increase in production, its limitations must be kept in mind. The use of a linear regression
model for the prediction of future production presupposes a constant action of exogenous parameters.
However, some phenomena, such as land use change or annual weather variations, are very difficult to
predict [32]. The sustainable removal rate is also an important factor for sustainable agriculture. It is
not excluded that future agronomic practices will adjust this rate [44], but in this study, it is considered
constant over time. On the other hand, the methodology used in this study removes the limitation
emphasized by Wietschel et al. [32]. Wietschel et al. [32] considered a constant RPR in their study,
while in the present article a unique RPR for each year is used, and its development is estimated on the
basis of past values.

Table 2. Goodness of fit and prediction accuracy.

RMSE (Tonnes) ∆1(%) ∆10(%)

Wheat Rapeseed Wheat Rapeseed Wheat Rapeseed

European Union 2,474,848 1,191,631 1.2 9.2 2.9 0.9
Czech Republic 147,680 87,271 5.8 3.3 0.1 6.5

The motive of most of the research estimating post-harvest residue production is to quantify
this production to determine the availability of biomass for energy purposes [21,37,45,46]. However,
estimates from these studies are not comparable to the results we predict because they are not
sufficiently generalized and focus only on biomass production for energy purposes. A certain part of
the research then aims to quantify the production of post-harvest biomass in the past period, without
predicting the future [25,33,47]. The highly detailed, multi-factor models published in the study by
García-Condado et al. [33] and Scarlat et al. [48] estimate the production of post-harvest residues in the
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EU in the past. It would be useful to apply these models to the predicted data and use this methodology
to estimate production for the future.

4. Conclusions

If post-harvest crop residues are to be used industrially in the long term, it is necessary to
know their future production. The study published in this article deals with post-harvest wheat
and rapeseed residues, where the future production of this biomass was estimated using a linear
regression model. Several characteristic elements were used in the created models that distinguish
them from the predictions of other authors. In particular, the residue to product ratio coefficient was
calculated separately each year for the monitored crops, and subsequently the post-harvest residue
production was calculated in each year according to the conversion rate characteristic for each year.
Furthermore, the estimates deal with the total amount of post-harvest residues produced, which can
be taken from the field within the framework of sustainable agriculture. We do not subtract any part of
the post-harvest residue production for the selected sectors from the overall prediction. The output
of this study is an estimate of the production of wheat and rapeseed post-harvest residues in the
EU and the Czech Republic in 2030; these data can be used as input data in further decision making
and planning concepts for the material use of post-harvest residues. The results show that, in 2030,
58.3 million tonnes of post-harvest wheat residues and 22.4 million tonnes of post-harvest rapeseed
residues can be harvested from the field in the European Union. In the Czech Republic, 1.8 million
tonnes of post-harvest wheat residues and 1.3 million tonnes of rapeseed residues can be harvested
from the field. If we consider post-harvest crop residues as a substitute for wood biomass, the increase
in the material use of post-harvest residues can reduce deforestation worldwide and thus prevent the
degradation of forest ecosystem services.
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